Aims-To investigate the usefulness of ocular redox fluorometry for evaluating donor corneal endothelial viability.
Methods-Corneas from 42 recipients of penetrating keratoplasty and four donor corneas were examined by ocular redox fluorometry. Autofluorescence from reduced pyridine nucleotides (PN) and oxidised flavoproteins (Fp) of the human corneal endothelium were measured noninvasively, and the PN/Fp ratio was used as a tissue metabolic indicator. Specular microscopy and electron microscopy were also performed. Results-Both the quality of specular microscopic image and the PN/Fp ratio were significantly correlated with the degree of corneal endothelial damage determined by histological examination. Corneas with poor specular microscopic image showed significantly decreased PN/Fp ratio compared with corneas with good or fair specular images (p=0.041 and 0-027, respectively). The PN/Fp ratio increased in corneas with mildly damaged endothelium but decreased in corneas with severely damaged endothelium determined by histological examination. Evaluation of corneal endothelium by combination of specular microscopy and ocular redox fluorometry showed excellent association with that of histopathological examination (p<0.0001).
Conclusion-Ocular redox fluorometry is useful for assessing donor corneal endothelial viability. Combination of ocular redox fluorometry and specular microscopy may increase the ability of donor cornea selection. (BrJ Ophthalmol 1996; 80: 69-73) Proper evaluation of donor corneas is the key to success in corneal transplantation. To date, slitlamp examination is the objective method being routinely used in eye banks, and now specular microscopy has been introduced in many eye banks. Although it has been shown that morphometric alterations of corneal endothelium correlate with donor cornea viability,' a more sensitive and accurate measurement technique than specular microscopy is necessary for reliable assessment of the corneal condition.
Nuclear magnetic resonance (NMR) is a noninvasive method for the measurement of metabolism, and it has been shown to be capable of assessing metabolic changes in donor corneas.2 However, at present resolutions the method cannot distinguish metabolic changes in endothelium from those in other layers. In addition, the complexity and high cost prevent the method from being introduced in most eye banks.
Ocular redox fluorometry is an alternative non-invasive method for measuring tissue metabolic changes.3-8 It measures autofluorescence from reduced pyridine nucleotides (PN) and oxidised flavoproteins (Fp). These signals have been demonstrated to be valuable for the detection of metabolic changes in cornea and lens under a variety of conditions.3-8 The PN/Fp ratio has been shown to be an especially sensitive indicator of tissue metabolic changes, since the ratio is less susceptible to tissue movements during the measurement than is each signal separately.9 The ratio was also shown to change in preserved rabbit corneal endothelium as a function of storage time. 5 We thus expect the method to be valuable for donor cornea selection.
In the present study, we investigated whether or not the method was valuable for detecting metabolic changes in the human corneal endothelium in eye banks. Corneas from recipients of corneal transplantation were used. Association between ocular redox fluorometry or specular microscopy and histopathology was studied.
Materials and methods

PATIENT PROFILE
Forty two corneas from recipients of penetrating keratoplasty were obtained at the time of surgery. Mean age of the recipients was 66 1 (SD 17.4) years, with the male to female ratio of 1:1. The leading cause of keratoplasty was bullous keratopathy (n=23), followed by Fuchs' dystrophy (n=8), keratoconus (n=4), and regraft (n=4). After the corneal buttons were removed, they were stored in the refrigerator overnight with McCarey-Kaufman (MK) medium, and examinations were performed thereafter.
Four corneas from four donors, which were rejected for keratoplasty because they failed to pass virus serology, were also studied. Three of these donors were male and one was female, with the mean age of 418 years. SPECULAR 
MICROSCOPY
Corneal endothelium of the 36 corneas (32 recipient and four donor corneas) were evaluated by a single. investigator (JS) using specular microscopy (Bio-Optics 21 00C, Arlington, MA, USA) and the image was recorded with a video recorder. The specular microscopic image was assessed semiquantitatively as follows: goodthe cell borders were easily distinguished in most areas; fairthe cell borders were distinguished in some areas; poorthe cell borders were not detected in most areas.
OCULAR REDOX FLUOROMETRY
After the specular microscopic examination, the comea immersed in MK medium was placed under an ocular redox fluorometer with endothelial side up. The cornea was kept at room temperature during the measurement to produce a better appearance of the endothelium, as is performed in eye banks. Autofluorescence from PN (excitation 366 nm and emission 438 nm in wavelength) and Fp (excitation 440 nm and emission 540 nm in wavelength) was measured as described previously.38
The PN and Fp signals were measured in two ways. In the first 30 comeas, reflected light (540 nm band path filters were used for both excitation and emission) was focused on the endothelium and the signals were measured at the focal plane. Secondly, the microscope stage on which the cornea was placed was moved towards the microscope objective lens every 20 p,m from about 100 pum above to 200 ,um below the endothelium. Reflected light was measured simultaneously and it was used for Each cell is further enlarged and exposed Descemet's membrane is seen. (D) Severely damaged endothelium. A large area of exposed Descemet's membrane is seen. the determination of the endothelial surface position. This latter method has advantages for the elimination of effects of tissue movement during measurement.68 However, the signals obtained by both methods demonstrated good agreement and so the results were combined. Each measurement was repeated three times and the average of these results was used. The PN/Fp ratio, which has been shown to be a sensitive indicator of the tissue metabolic states,9 was calculated by an attached computer.
HISTOPATHOLOGICAL EVALUATION
After the fluorometric measurement, 32 of the 42 recipient corneas and four donor corneas were subjected to histological examination. These corneas were fixed by a half strength Karnovski's fixative, and processed for scanning (SEM: AMR 1000) and transmission (TEM: Philips 410 TER) electron microscopy.
Based on the SEM and TEM of the endothelium, the corneas were divided into four groups according to the criteria shown in Table 1 ; they were normal, mildly damaged, moderately damaged, and severely damaged. Representative photographs of each group are shown in Figures 1 and 2 . This semiquantitative evaluation was performed by three independent examiners, who were not informed of the patients' data.
For the most part, all of the fluorometric and morphological assessments were made at the centre of the cornea. If the cell image could only be obtained away from the centre, specular microscopy and ocular redox fluorometry were performed in that region. In these instances, the location was recorded and histopathological evaluation was made for the same region.
Statistical calculation was performed using one way ANOVA and the non-paired t test where indicated. A p value of less than 0.05 was regarded as significant.
Results
SPECULAR MICROSCOPY AND HISTOLOGICAL EXAMINATION
The histopathological evaluation of the three observers showed 0 or 1 grade differences in all comeas. Comeas which had different scores were considered to belong to the group that two of the observers had scored. Table 2 summarises the results of specular microscopy in each disease. Most of the comeas with bullous keratoplasty and from regrafts showed fair or poor specular images, and all of the donor comeas and keratoconus showed good specular image.
The quality of the specular microscopic image was significantly correlated with the results of the histological examination (Table   3 , X2 test, p<0-0001). All comeas with histologically normal endothelium revealed a good specular image, and all comeas with severely damaged endothelium revealed fair or poor specular images.
Non-invasive assessment of the donor corneal endothelium using ocular redox fluorometry 1 SPECULAR MICROSCOPY AND OCULAR REDOX FLUOROMETRY t The PN signal and the PN/Fp ratio showed significant differences among groups of different specular microscopic images (p=0046 and p=0-042, respectively). The Fp signal did not differ significantly among these groups. The PN/Fp ratio of the corneas with poor specular image was significantly increased in comparison with corneas with good or fair specular *i 11images (p=0-041 and p=0027, respectively).
HISTOPATHOLOGY AND OCULAR REDOX FLUOROMETRY Seven, six, 14, and nine comeas, respectively, were categorised as having normal, mildly damaged, moderately damaged, and severely damaged comeal endothelium by histological examination ( Table 4 ). As with specular microscopy, comeas with bullous keratopathy Fig 1B and from regrafts tended to have more damaged endothelium compared with keratoconus and donor comeas. The PN signal and the PN/Fp ratio showed significant differences among these groups (p=0 044 and 0001, respectively). Although the Fp signal tended to increase as the severity of the endothelial damage advanced, the difference was not statistically significant (p=0@O61). In comeas with mildly damaged endothelium, the PN signal significantly increased (p=00087). This change caused increases in the PN/Fp ratio over those of the 5"~normal, moderately damaged, and severely damaged groups (Fig 3, p=0 -078, 0-0058, and 0O000O7, respectively). Both the PN and Fp signals increased in comeas with moderately damaged endothelium; however., bothi of them overlapped considerably with other groups.
The PN/Fp ratio in this group showed much less overlap with the other groups than did the PN or Fp signals separately, and the ratio in this group showed significant differences compared with that in the mildly damaged and respectively, were categorised into normal, mildly damaged, moderately damaged, and severely damaged groups. The result showed a significant correlation with that from histological examination ( Table 6 , X 2 test, p<0O0001). Twenty six out of 35 corneas (74-3%) revealed the same results from the two methods. Only two corneas revealed discordant results for more than two grades. (One normal cornea was judged as having severely damaged endothelium, and other eye with moderately damaged endothelium was judged as having normal endothelium.) In the present study, it was shown that changes in the ocular redox fluorometric signals were associated with histological findings of the recipient corneal endothelium. In corneas with mildly damaged endothelium determined by histology, the PN/Fp ratio significantly increased. TEM of corneas in this group showed thickened endothelium that contained abundant cellular organelles such as mitochondria. These findings suggest that the endothelial cells are under increased metabolic work load.' 0 A similar finding has been made mn wound healing, when the PN/Fp ratio was shown to be increased."
In corneas with moderately damaged endothelium determined by SEM, a variety of pathological changes were observed. It was not uncommon for some of the endothelial cells to be thickened and contain many mitochondria, while other cells in the same cornea were flattened with scattered intracellular organelles. Such regional differences in metabolic activity have been studied using histochemical techniques.'
A large standard deviation of the PN/Fp ratio observed in the present study is likely to reflect such heterogeneity of cellular activity. Although efforts were made to perform all three measurements in the same region, the small measurement regions, about 150 X10 pLm with ocular redox fluorometry Non-invasive assessment of the donor comneal endothelium using ocular redoxfluorometty and about 100X80 pLm with histopathology, made the influence of heterogeneity inevitable.
In the severely damaged endothelium examined by SEM, the PNJFp ratio decreased.
The endothelial surface of these comeas was often denuded, and Descemet's membrane was exposed. Therefore, the fluorometry probably measured the signals from exposed Descemet's membrane. Low intensities of the PN and Fp signals observed in such coreas are similar to the signals in the coneal stroma. Additionally, extremely flattened endothelium may only weakly fluoresce as it contains few mitochondma, a main source of the fluorometric signals. For application of ocular redox fluorometry in an eye bank system, integrated assessment with specular microscopy is valuable (Table 6 ). Although specular microscopy showed a significant correlation with histological examination, five out of nine corneas with good specular image had mildly to moderately damaged endothelium determined by histological examination (Table 3 ). On the other hand, ocular redox fluorometry does not distinguish readily between normal and severely damaged endothelium. However, as shown in Table 6 , both together can distinguish between good, mildly damaged, and severely damaged endothelia. Ocular redox fluorometry probably would be a valuable tool for distinguishing between normal and mildly damaged endothelium in eye banks. Since most of the corneal endothelium examined in the present study was damaged, we could not study the relation between the endothelial density and redox fluorometry. Further studies should be performed using corneas with normal and mildly damaged endothelium.
In conclusion, ocular redox fluorometry was capable of detecting changes in the donor corneal endothelium. The PN/Fp ratio measured by the method probably reflects metabolic differences in the endothelium. Because of its non-invasive nature, the method, especially when combined with specular microscopy, seems to be useful for donor cornea assessment.
